Serotonin receptor 1A knockout (Htr1a KO ) mice show increased anxiety-related behavior in tests measuring innate avoidance. Here we demonstrate that Htr1a KO mice show enhanced fear conditioning to ambiguous conditioned stimuli, a hallmark of human anxiety. To examine the involvement of specific forebrain circuits in this phenotype, we developed a pharmacogenetic technique for the rapid tissue-and cell type-specific silencing of neural activity in vivo. Inhibition of neurons in the central nucleus of the amygdala suppressed conditioned responses to both ambiguous and nonambiguous cues. In contrast, inhibition of hippocampal dentate gyrus granule cells selectively suppressed conditioned responses to ambiguous cues and reversed the knockout phenotype. These data demonstrate that Htr1a KO mice have a bias in the processing of threatening cues that is moderated by hippocampal mossy-fiber circuits, and suggest that the hippocampus is important in the response to ambiguous aversive stimuli.
Htr1a KO mice show enhanced behavioral inhibition and avoidance in several tests of anxiety-related behavior [1] [2] [3] [4] . Although these mice show normal cue-and context-dependent fear conditioning 5 , it was recently demonstrated that they express enhanced fear responses to contexts containing both conditioned and novel cues 6 . These findings indicate that Htr1a KO mice might show enhanced anxiety-related behavior specifically under conditions of competing threatening and safety cues, and suggest that these animals have a cognitive defect in the processing of aversive stimuli.
Htr1a is a G protein-coupled receptor (GPCR) expressed both as an autoreceptor on serotonergic neurons in the raphe nuclei, and as a heteroreceptor on nonserotonergic neurons primarily in the mouse forebrain, with its highest expression being in the entorhinal cortex and CA1 region of the hippocampus 1, 7, 8 . Activation of both receptor populations results in membrane hyperpolarization and decreased neuronal excitability, an effect that is mediated by its coupling to G protein inward-rectifying K + channels (GIRKs) 9 . Expression of Htr1a in the forebrain is sufficient to restore normal anxiety-related behavior to knockout mice 1 , demonstrating a critical role for this receptor population in the knockout phenotype. Furthermore, a conditional rescue strategy has revealed that expression of the receptor in the forebrain during development is both necessary and sufficient for establishing normal anxiety-related behavior in adulthood 1 . Moreover, blockade of the receptor in adulthood is not sufficient to reproduce the knockout phenotype 1 . Thus, structural defects induced by the absence of the receptor during the maturation of forebrain circuits are likely to underlie the anxiety-related phenotype of Htr1a KO mice. Consistent with this hypothesis, electrophysiological and morphological changes have been described at CA3-CA1 synapses in the hippocampus of Htr1a KO mice, including decreased inhibitory neurotransmission, increased excitability and increased dendritic arborization 10 In rodents, selective lesions of the hippocampus are associated with reduced avoidance behavior in anxiety-related tests 11, 12 . Moreover, the hippocampus is known to be important in the processing of complex associative stimuli, and the firing rate of pyramidal neurons in the CA1 region has been shown to encode the predictive value of aversively conditioned cues [13] [14] [15] . Thus, it is possible that increased excitability of hippocampal CA3-CA1 synapses as a result of the absence of Htr1a during development contributes to the anxiety-related phenotype of Htr1a KO mice.
Here, we show that Htr1a KO mice express enhanced fear conditioning to partial, but not perfect, conditioned cues, thus demonstrating a bias in their response to ambiguous threatening stimuli. To identify the neural circuits mediating this phenotype, we developed a pharmacogenetic method for the tissue-and cell type-specific inhibition of neural activity in vivo. Using this new pharmacogenetic tool, we show that suppression of neural activity in granule cells of the hippocampal dentate gyrus (DG) selectively suppresses conditioned responses to ambiguous cues and reverses the Htr1a KO phenotype. Our findings implicate hippocampal dentate gyrus circuits in the processing of ambiguous aversive cues and demonstrate that Htr1a KO mice have deficits in hippocampal-dependent anxiety-related behavior.
RESULTS
Htr1a KO mice show enhanced freezing to ambiguous cues Previously, we demonstrated that Htr1a KO mice showed enhanced contextual fear conditioning only under circumstances in which they were exposed to a context containing both conditioned and novel stimuli 6 . These findings suggested that Htr1a KO mice might have a bias in their response to aversive cues when those cues are presented in the context of other safety signals. To explicitly test this possibility, we measured the freezing responses of Htr1a KO mice to simultaneously conditioned partial and perfect cues. During training, Htr1a KO mice were exposed to two stimuli, a light and a tone, that were presented together with an unconditioned stimulus, a mild foot shock. The light (perfect cue) was presented three times coterminating with foot shock, whereas the tone (partial cue) was presented three times immediately preceding the light and two times alone. In this way the tone became a partial predictor and the light became a perfect predictor of shock. Htr1a KO and wild-type littermates were sequentially re-exposed to the tone and light 1 d after training and freezing behavior was quantified as a measure of conditioning to these cues. As expected, wild-type mice showed high levels of freezing during the light (perfect cue) and lower levels of freezing during the tone (partial cue). Knockout mice, on the other hand, showed significantly greater freezing to the partial cue when compared with wild-type mice, and similar levels of freezing to partial and perfect cues (Fig. 1a) . We observed no differences in baseline freezing before cue presentation, confirming an absence of context-dependent conditioning under these circumstances (P ¼ 0.426). To rule out the possibility that we failed to detect increased freezing to the perfect cue in knockout mice as a result of saturating levels of freezing under our testing conditions (that is, the 'ceiling' effect), we repeated the experiments using a protocol that induces lower levels of freezing (0.3 mA versus 0.5 mA shock; ANOVA, main effect of shock/freezing to light: F 1,60 ¼ 6.19, P ¼ 0.0156). Regardless of conditioning intensity, increased freezing of knockout mice continued to be restricted to the partial cue ( Supplementary Fig. 1 online) .
To confirm that the enhanced freezing to the tone that we observed in knockout mice was dependent on the partial nature of conditioning to this cue, we repeated the experiment omitting the unpaired tone presentations. Under these circumstances, both cues were perfect predictors of shock, and knockout and wild-type mice showed indistinguishable freezing behavior (Fig. 1b) . These studies confirm that enhanced freezing to the tone in knockout mice reflected a specific defect in their processing of the imperfect contingency of this cue. Moreover, reversal of tone and light cues in the partial conditioning protocol produced similar results, arguing against a contribution of sensory modality to the knockout phenotype (wild type: light -18.8 ± 3.5, tone -60.3 ± 4.7; knockout: light -32.9 ± 5.1, tone -74.7 ± 5.1; knockout versus wild type light, P ¼ 0.035). These findings suggest that Htr1a KO mice have a bias in their assessment of the predictive value of ambiguous aversive cues.
Because the anxiety-related phenotype of Htr1a KO mice is dependent on receptor expression during development, and is associated with structural and physiological changes at CA3-CA1 synapses in the hippocampus 1,10 (J.E. Monckton, C.T. Gross & R. Hen, Soc. Neurosci. Abstr. 550.1, 2002; J.P. Hornung, personal communication), we wondered whether the fear conditioning phenotype might also be dependent on Htr1a expression during development. Moreover, because the third and fourth postnatal weeks are a period of maximal dendritic growth and synaptic maturation in the hippocampus 16 , we asked whether inhibition of Htr1a function specifically during this period might be sufficient to reproduce the knockout phenotype. Wild-type mice were treated with the selective Htr1a antagonist WAY100635 from postnatal day 13 to 34 (P13-34) using subcutaneous osmotic minipumps (1.5 mg h -1 , B0.3 mg per kg of body weight per d). In control experiments, blockade of Htr1a function during WAY100635 treatment was confirmed by the absence of agonist-induced hypothermia at P14 and P28 (data not shown). When treated mice were tested in the ambiguous-cue fear-conditioning protocol in adulthood, WAY100635-treated mice showed significantly greater freezing responses to the partial cue than did vehicle-treated littermates, and like knockout mice, showed similar responses to partial and perfect cues (Fig. 1c) . These data demonstrate that blockade of Htr1a function during the third and fourth postnatal weeks is sufficient to reproduce the knockout phenotype and argue that persistent molecular or structural changes induced during the maturation of neural circuits underlie the aberrant processing of ambiguous cues by these mice.
Pharmacogenetic silencing of CeA and DG neurons
To better understand the role of specific neural circuits in the Htr1a KO phenotype, it would be useful to inhibit selected cell populations in the brain transiently during behavioral testing. Such inhibition could perhaps temporarily reverse or mask changes in neural activity induced by the developmental absence of the receptor. To test this approach, we developed a pharmacogenetic strategy for the rapid inhibition of neural activity in selected populations of cells in vivo. We took advantage of the fact that pharmacological activation of inhibitory GPCRs rapidly evokes membrane hyperpolarization by opening GIRK channels 9, 17 . It was recently shown that treatment of rats expressing an inhibitory GPCR could induce rapid inhibition of neural activity in vivo 18 . Several observations suggest that Htr1a could be used successfully in such a GPCR-mediated pharmacogenetic silencing strategy. First, previous studies have shown that under baseline conditions endogenous serotonin (5-HT) is not sufficient to activate Htr1a in the adult brain 1, 19 , and thus the receptor is not expected to be tonically activated unless pharmacologically challenged by exogenous administration of a receptor agonist. Second, selective Htr1a agonists that efficiently cross the blood-brain barrier make systemic drug delivery possible. Finally, tissue-and cell type-specific expression of Htr1a has been achieved in transgenic mice 1 . Thus, we set out to determine whether agonist treatment of transgenic mice that expressed Htr1a under the control of a tissue-specific promoter and that lacked endogenous Htr1a (Htr1a Tg crossed to Htr1a KO ) could be used as a tool for the rapid silencing of neural activity in a cell type-specific manner.
The central nucleus of the amygdala (CeA) is required for the expression of noninstrumental conditioned fear 20 . Within the CeA, efferent neurons project to mid-and hindbrain structures that mediate the behavioral and physiological responses to conditioned cues 21 . Thus, inhibition of neuronal activity in CeA should block the expression of conditioned responses to cues regardless of whether they were partially or perfectly conditioned. Granule cells of the hippocampal DG, by contrast, serve as the primary target of entorhinal cortical afferents into the hippocampal DG-CA3-CA1 circuit, and inhibition of these neurons should selectively suppress processing in this circuit. The presence of enhanced excitability and neural transmission at CA3-CA1 synapses in Htr1a KO mice, coupled with the known role of CA1 in encoding cue salience, suggested that suppression of DG could be used to reverse or suppress defects in hippocampal function in the knockout.
To express Htr1a exclusively in the CeA and DG, we produced transgenic mice in which receptor coding sequences were placed under the control of the Nrip2 promoter (Fig. 2a) . Previous studies have shown that Nrip2 mRNA is selectively expressed in the CeA and granule cells of the DG 22 . Independent transgenic founder mice that were obtained after injection of the Nrip2-Htr1a construct were crossed to Htr1a KO mice and analyzed for tissue-and cell type-specific expression of the receptor. Two founders were selected that showed expression exclusively in the CeA and granule cells of the DG, respectively (Htr1a CeA , heterozygous for the Tg-Nrip2-Htr1a CeA allele and homozygous for the Htr1a KO allele, and Htr1a DG , heterozygous for the Tg-Nrip2-Htr1a DG allele and homozygous for the Htr1a KO allele; Fig. 2b-g and Supplementary Figs. 2 and 3 online) . To determine whether pharmacological activation of Htr1a in these lines could be used to specifically inhibit neural activity in these cell populations, we carried out electrophysiological recordings in slices from Htr1a CeA and Htr1a DG mice. Whole-cell recordings in slices from Htr1a CeA mice showed significant hyperpolarization responses to 5-HT exclusively in neurons with high input resistance and depolarizing after-potentials (type I, 7/16 neurons; Fig. 3a-d) . No response was seen to 5-HT in those neurons that had lower input resistance and did not have depolarizing after-potentials (type II, 9/16 neurons). Notably, the hyperpolarizing response to 5-HT in type I neurons was completely blocked by administration of WAY100635 (10 mM, N ¼ 2, data not shown), and no response to 5-HT was seen in type I neurons from Htr1a KO mice. To determine whether Htr1a-dependent hyperpolarization was sufficient to suppress neural activity in Htr1a CeA mice, we applied 5-HT while recording from slices in which spontaneous neural activity was induced by depolarizing current injection through the recording electrode. Notably, application of 5-HT completely suppressed spontaneous activity in type I CeA neurons from Htr1a CeA mice (Fig. 3e) . Finally, histological examination of biocytin-filled type I CeA neurons that showed hyperpolarization responses to 5-HT confirmed that recorded neurons resided in the CeA, but showed no clear correlation between Htr1a response and any particular morphology (spiny versus nonspiny dendrites, and pyramidal versus ovoid soma; Fig. 3f ).
Whole-cell recordings in slices from Htr1a DG mice showed significant hyperpolarization responses to 5-HT exclusively in DG granule cells and not in CA1 pyramidal neurons or CeA neurons from the same animals ( Fig. 4a-c) . Notably, the hyperpolarizing response to 5-HT in DG granule cells was completely blocked by administration of WAY100635 (10 mM, N ¼ 2, data not shown), and no response to 5-HT was seen in DG granule cells from Htr1a KO mice. Application of 5-HT was able to completely suppress depolarizing current-induced spontaneous activity in granule cells from Htr1a DG mice, but not in similar neurons from Htr1a KO mice (Fig. 4d-e) . Histological examination confirmed that 5-HT-responding cells showed a granule cell identity (Fig. 4f) . Taken together, these data demonstrate that tissue-specific expression of Htr1a can be used as a pharmacogenetic tool for the rapid cell type-specific silencing of neural activity.
Effects of CeA and DG inhibition on ambiguous-cue response Next, we asked whether suppression of neural activity in type I CeA neurons could block the expression of conditioned responses to aversive cues in our ambiguous-cue fear-conditioning protocol. Htr1a CeA and Htr1a KO littermates were treated subcutaneously with the selective Htr1a agonist 8-hydroxy-2-(dipropylamino)tetralin (8-OH-DPAT) before testing. Htr1a CeA mice treated with either 0.2 or 0.5 mg per kg 8-OH-DPAT showed significantly reduced freezing responses to both the tone (partial cue) and light (perfect cue) when compared with saline-treated animals (Fig. 5a) . This effect could be attributed to the activation of Htr1a, as no effect of treatment was observed in Htr1A KO mice. Moreover, saline-treated Htr1a CeA and Htr1a KO mice did not differ significantly in their freezing responses, indicating that basal activation of Htr1a in this neuronal subtype is not sufficient to modulate the expression of conditioned responses. These results are consistent with lesion and pharmacological inhibition studies that demonstrate a critical role for CeA in the expression of noninstrumental fear responses 20, 21 and show that type I neurons in this structure serve as a common output structure for both partial and perfect conditioned responses. Finally, we asked whether suppression of DG granule cells could modulate conditioned responses in our ambiguous-cue fear-conditioning protocol. Treatment of Htr1a DG mice with either 0.2 or 0.5 mg per kg 8-OH-DPAT before testing significantly reduced freezing responses to the tone (partial cue), but not to the light (perfect cue), when compared with saline-treated mice (ANOVA, genotype Â treatment effect for tone: F 1,41 ¼ 6.11, P ¼ 0.0177; genotype Â treatment effect for light: F 1,41 ¼ 0.635, P ¼ 0.430; Fig. 5b) . Treatment of Htr1a KO mice with 8-OH-DPAT did not affect freezing behavior, confirming the selectivity of the agonist. Moreover, saline-treated Htr1a DG and Htr1a KO mice showed similar freezing responses, indicating that basal activation of the receptor in this neuronal population is not sufficient to interfere with conditioned cue processing. Taken together, these data show that inhibition of type I CeA neurons blocks the expression of conditioned fear responses, whereas inhibition of DG granule cells selectively attenuates the expression of partially conditioned responses, possibly by modulating the assessment of the predictive value of such cues. Our findings also argue that the enhanced expression of partially conditioned responses seen in Htr1a KO mice can be reversed by the selective suppression of primary inputs to the DG-CA3-CA1 circuit.
DISCUSSION
Our finding that Htr1a KO mice show increased fear conditioning specifically to partially conditioned cues argues that these animals harbor a defect in the cognitive processing of aversive cues. A tendency to interpret ambiguous aversive cues as threatening is a feature of human anxiety, and may serve as a risk factor for pathological anxiety and other mood disorders [23] [24] [25] . Anxiety and depression, for example, show significant comorbidity and share common genetic risk factors 26, 27 . Thus, a better understanding of the neural circuits involved in the processing of ambiguous aversive stimuli could help to further explain the etiology of mood disorders and could suggest neural substrates for therapeutic intervention.
Our observation that suppression of CeA neurons blocks conditioned responses to both partial and perfect cues is consistent with the known role of this structure as a common output circuit for the expression of noninstrumental conditioned fear 20, 21 . Moreover, recent data have indicated that only a single subregion and/or cell type in the CeA serves as the final output circuit that signals to mid-and hindbrain structures for the production of conditioned behavioral and autonomic responses 28 . Our findings suggest that type I CeA neurons are a critical component of this output circuit. Electrophysiological recordings in rat CeA have described two populations of CeA neurons, type A and type B, with type A neurons showing a significant depolarizing afterpotential and a spiny morphology like that seen in a subset of our type I cells 29, 30 . Our study is the first to provide cellular characteristics of mouse CeA neurons (Supplementary Table 1 online) and, although it is difficult to make direct comparisons between our study and previous studies because of differences in species (rat versus mouse) and recording technique (whole cell versus sharp electrode), in at least one other study similar nonpyramidal, spiny neurons have been shown to be GABAergic projection neurons coexpressing peptide neurotransmitters 31, 32 . We speculate that a subset of our type I neurons belongs to this class of projection neuron.
The reversal of the knockout phenotype by the selective inhibition of DG granule cells during the expression of fear conditioning indicates that the bias in processing of ambiguous aversive cues in these mice is modulated by the hippocampal mossy-fiber pathway. The hippocampus has been extensively studied as a critical modulatory circuit for the acquisition, storage and expression of complex associative memories.
Post-training lesions of the hippocampus prevent the expression of trace fear conditioning (where presentation of conditioned and unconditioned stimuli are separated in time), while leaving intact simple delay fear conditioning (where presentation of conditioned and unconditioned stimuli coincide) 33, 34 . This requirement has been proposed to depend on the ability of the hippocampus to provide information about the strength of cue association during associative conditioning 35, 36 , a hypothesis that is supported by lesion studies 37 . Consistent with such a role for the hippocampus, electrophysiological recordings in awake behaving animals revealed that the firing rate of hippocampal CA1 pyramidal neurons encodes the predictive value of the conditioned cue regardless of sensory modality [13] [14] [15] . Notably, CA1 pyramidal neurons receive inputs both directly from the entorhinal cortex and indirectly via the DG-CA3-CA1 pathway, and the integration of information from these pathways has been proposed to have a role in the assessment of the salience of ongoing sensory information [38] [39] [40] . Our finding that inhibition of DG granule cells selectively suppressed freezing to partially conditioned cues suggests that the indirect pathway carries information that is critical for the recall and processing of cue contingency. Alternatively, inhibition of DG granule cells may have disturbed the balance between indirect and direct inputs impinging on CA1 pyramidal neurons, and thus altered the processing of ambiguous cues. Although our data strongly suggest a direct role for DG granule cells in the processing of cue contingency, it remains possible that suppression of this cell population has an indirect effect on neural activity in other brain regions that serve this function.
Finally, although several techniques have been developed for the rapid silencing of neural activity in vivo 18, 41, 42 , to our knowledge this is the first example of the use of such a technology to uncover previously unknown neural circuits controlling complex behavior in a mammalian system. Our pharmacogenetic strategy benefits from several advantages, including (i) the efficient coupling of Htr1a to inhibitory GIRK channels, (ii) the use of a receptor that is not tonically activated by its endogenous ligand 1, 19 and (iii) the use of a selective pharmacological agent that permits systemic administration. However, our system does require that studies be carried out on a Htr1a KO background, a prerequisite that may preclude some experiments that depend on signaling via the endogenous receptor. Furthermore, Htr1a is not exclusively coupled to inhibitory GIRK channels and signaling via other pathways (for example, adenylyl cyclase, Ca +2 channels) could complicate the interpretation of experiments in which long-term or transient inhibition is required.
In summary, we have validated a new pharmacogenetic tool for tissue-and cell type-specific neural silencing in behaving mice and have applied it to show that a subclass of CeA neurons are essential for the expression of conditioned fear and that hippocampal DG circuits modulate the processing of ambiguous conditioned cues. These results indicate a role for hippocampal indirect pathway circuits in the evaluation of conditioned cue contingency and suggest that the hippocampus contributes to the expression of fear behaviors, particularly under conditions of uncertain or ambiguous environmental stimuli. The Htr1a CeA and Htr1a DG lines have the potential to serve as useful tools for dissecting the role of these neurons in the control of complex behavior, and the development of additional Htr1a lines holds promise for the extension of this technique to other circuits and behaviors.
METHODS
Mouse strains. The Htr1a coding sequence followed by a bGH polyadenylation sequence was inserted at the start codon of the Nrip2 gene in a genomic fragment of the RP23-114E15 BAC clone (Chori-BACPAC Resources) containing 9 0 0 VOLUME 10 [ NUMBER 7 [ JULY 2007 NATURE NEUROSCIENCE the full genomic sequences of the target gene using bacterial recombineering 43 . A FLP-recombinase recognition target dual-promoter neomycin cassette was used to facilitate selection of recombinants and was later excised by transient transfection with a FLP expression vector. Linearized, vector-free BAC insert was prepared for pronuclear injection into (C57BL/6J Â CBA/J) Â C57BL/6J zygotes by agarose gel purification. Founders carrying the transgene were identified and genotyped by PCR, crossed to Htr1a KO mice 4 , and maintained on a mixed C57BL/6J;CBA/J;129S6/SvEvTac background. Two out of three founders transmitted the transgene to their offspring that showed detectable expression of Htr1a in brain (Htr1a CeA and Htr1a DG ).
Mouse husbandry. Mice were housed in same sex groups of four or five animals per cage with food and water provided ad libitum and under controlled temperature (21 ± 0.5 1C), humidity (55-75%) and lighting (lights on: 7:00-19:00) conditions. Animals were weaned at 3-4 weeks of age and tail biopsies were collected for genotyping. At least 1 week before behavioral testing, mice were transferred to a new room located close to the testing room and switched to a reverse light cycle (lights on: 22:30-10:30) with constant red light illumination (40 W).
Behavioral testing. Procedures were carried out according to EMBL and Italian guidelines for ethical animal treatment following authorized protocols. Training and testing occurred in behavioral chambers (MED Associates) measuring 14 Â 15 Â 12 cm and equipped to deliver a scrambled foot shock via the grid floor. Freezing was scored manually from videotaped sessions and defined as the complete absence of movement except for respiration. On training and testing days, mice were transported to the behavioral room in their home cages and allowed to acclimate to the room for at least 30 min before testing. Fear conditioning was carried out as described previously 35 with the following changes. The training session lasted 18 min, with three 0.5-mA, 1-s shocks delivered at 219, 579 and 939 s. A small exposed light bulb (28V DC, 100 mA) was used as the light cue and was presented three times for 20 s, coterminating with the foot shocks. The tone (85 dB, 3 kHz) was presented five times for 20 s, three times coterminating with light onset and twice alone at 360 and 720 s. On the testing day, freezing was scored during 3-min habituation to the chamber, 6-min tone presentation and 6-min light presentation. To suppress contextual conditioning responses, testing was carried out with different visual, olfactory and tactile cues (a smooth white plastic floor, walls covered with sandpaper, and cinnamon rather than lemon odor).
Osmotic pump implantation. Osmotic minipumps (0.20 ml h -1 , Model 1002, Alzet) were implanted subcutaneously to deliver WAY100635 (Sigma) or saline continuously for 21 d. Pumps were filled with 7.1 mg ml -1 (1.5 mg h -1 ) WAY100635 as estimated to achieve a constant dose of 0.3 mg per kg of body weight. Pumps were soaked overnight in Ringer's solution (Eurospital) at 37 1C to assure steady-state pumping following implantation. Before surgery, all pups were removed from the dam, placed in a beaker containing home cage bedding and kept on a heating pad. Mice were anesthetized with halothane, pumps were subcutaneously implanted in the dorsal thoracic area and wounds were closed with a 9-mm stainless steel clip (Stoelting). After 21 d of treatment mice were anesthetized, pumps were removed and the wounds were closed with a clip. Rectal temperature responses to the Htr1a agonist 8-OH-DPAT (0.3 mg per kg, subcutaneous) were used to verify blockade of endogenous Htr1a 1 d and 14 d after treatment initiation as well as to confirm normal activation of the receptor 1 week after pump removal 44 (data not shown).
Statistical analysis. Behavioral data were analyzed by ANOVA followed by post hoc comparisons using the Fisher's test in cases of significance (P o 0.05). Electrophysiological data were analyzed by unpaired Student's t-test. All analyses were carried out using either Excel (Microsoft) or StatView 5.0 (SAS Institute).
Drug administration. 8-OH-DPAT was obtained from Sigma-RBI (Natick), dissolved in saline (0.9% NaCl) and administered subcutaneously 15 min before behavioral testing into the scruff of the neck in a volume of 5 ml per kg.
Autoradiography. Animals were killed by carbon dioxide asphyxiation and cervical dislocation, and brains were rapidly removed and frozen in powdered dry ice. We cut 16-mm brain sections in a cryostat, transferred them to slides at 24-25 1C (Superfrost Plus, Menzel-Glaser), and air dried the slides for 30 min before storage at -80 1C. Slides were thawed, preincubated at 24-25 1C in buffer (2 mM MgCl 2 , 50 mM Tris-HCl, pH 7.4), and incubated in the same buffer containing 0.14 nM 125 I-MPPI (gift from H. Kung, University of Pennsylvania) for 1 h. Slides were washed in ice-cold buffer (2 Â 7 min), rinsed with distilled water, air-dried overnight and exposed to film (Biomax MR-1, Kodak) for 1-3 d.
Electrophysiology. All procedures were carried out in accordance with the US Public health Service's Policy on Humane Care and Use of Laboratory Animals and approved by the IACUC committee of the Stokes Research Institute of the Children's Hospital of Philadelphia. The slice preparation was similar to what we described previously 45 . Mice were rapidly decapitated and the head placed in preoxygenated ice-cold artificial cerebrospinal fluid (ACSF: 124 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2.0 mM MgSO 4 , 2.5 mM CaCl 2 , 10 mM dextrose and 26 mM NaHCO 3 ) in which 248 mM sucrose was substituted for NaCl. The brain was blocked by cutting off approximately 2.5 mm from the front of the brain and 1 mm in front of the cerebellum. The blocked brain was affixed to a stage of a Leica microslicer (Leica) with cyanoacrylate glue and submerged with preoxygenated ice-cold sucrose-ACSF. Coronal slices, 200 mm thick, containing the hippocampus and amygdala were cut and placed in a holding vial containing ACSF at 37 1C bubbled with 95% O 2 /5% CO 2 for 1 h. After 1 h, the slices were kept in 24-25 1C ACSF bubbled with 95% O 2 /5% CO 2 .
A single slice was placed in a recording chamber (Warner Instruments) and continuously perfused with oxygenated ACSF (1.5-2.0 ml min -1 ) at 32 1C, maintained by an in-line solution heater (TC-324, Warner Instruments). Neurons were visualized using an upright microscope (Zeiss Axioskop) fitted with a 63Â water-immersion objective, differential interference contrast and infrared filter. The image from the microscope was enhanced using a CCD camera and displayed on a monitor. Recording pipettes were fashioned on a P-97 micropipette puller (Sutter Instruments) using borosilicate glass capillary tubing (1.2-mm outer diameter, 0.69-mm inner diameter; Warner Instruments). The resistance of the electrodes was 5-10 MO when filled with an intracellular solution of 130 mM potassium gluconate, 5 mM NaCl, 10 mM sodium phosphocreatine, 1 mM MgCl 2 , 0.02 mM EGTA, 10 mM HEPES, 2 mM MgATP, 0.5 mM Na 2 GTP, 0.1% biocytin, pH 7.3.
A visualized cell in the CeA, DG or CA1 hippocampus was approached with the electrode, a GO seal established and the cell membrane ruptured to obtain a whole-cell recording using a HEKA EPC 10 amplifier (HEKA Electronik). Signals were filtered at 1 kHz, digitized at 10 Hz and stored on-line. Using current-clamp recording, the following cellular characteristics were measured as previously described 45 : resting membrane potential, input resistance, and action potential threshold, amplitude and width. To examine the effect of Hrt1a receptor activation, we added 5-HT (100 mM) to the perfusion buffer. All chemicals for making the ACSF, electrolyte solution and 5-HT hydrochloride were purchased from Sigma-Aldrich. Standard immunofluorescence procedures were used to visualize the recorded cell. After recording, the slice was fixed by submersion in 4% paraformaldehyde prepared in 0.1 M phosphate buffer, pH 7.4, and then stored in phosphate buffer. Biocytin was visualized using streptavidin-conjugated Alexa Fluor 633 (1:100, Molecular Probe) for 60 min at 24-25 1C. Immunofluorescence label was visualized using a Leica DMR fluorescence microscope (Leica). Images were captured using a digital camera and Openlab 3.09 software (Improvision).
Note: Supplementary information is available on the Nature Neuroscience website.
